Abstract. It has been shown that the plane surface of a stressed solid can become morphologically unstable relative to the perturbations of the electron density. The above instability is referred to as dynamic and evolves under the relaxation mechanism determined by the electron-electron interaction. The development of the dynamic instability is accompanied by the formation of a dynamic pattern differing from that which is formed under elastic-diffusion instability. To describe the dynamic pattern, a method has been proposed which takes into account the dynamic displacements of the atoms caused by a change in the interatomic interaction during the electron density redistribution. The origin of the different types of the pattern earlier observed experimentally on the free surface of the stressed solids has been explained. The dynamic displacements of the atoms have been shown to stimulate the diffusion mass transfer resulting in a change of the value and the sign of the diffusion coefficient.
Introduction
A solid with interfaces including the free surface is, in general, a nonequilibrium system. Relaxation of the above system to the equilibrium state occurs via mass transfer. The free surfaces of stressed solids are a convenient subject of research into mass transfer. In the above systems the mass transfer in the surface layer is accompanied by the formation of a pattern that can be observed in situ. In the literature a pattern in the form of grooves and shafts adjacent to them formed on the free surface of a stressed solid is well studied [1] [2] [3] . This type of pattern is related to the elastic-diffusion instability. The plane surface of a semi-infinite solid under uniaxial tension is unstable with respect to the disturbances with the wavelength > ≈ 2 . Here σ, E, γ are the stress, the modulus of elasticity and the surface energy, correspondingly. The surface thickness is assumed to be zero. The instability is manifested and develops under the diffusion mass transfer with a diffusion coefficient depending on the local value of the surface curvature. The sharper the grooves the quicker the mass transfer process.
In Refs. [4] [5] [6] it is shown that depending on the sample material, the value and the duration of the stress, four more types of pattern are observed. 1. Initially, there appears a pattern in the form of small chaotic ripples. They are observed on the surface of Ge (111) at a stress ≈ 360 MPa [4] . The amplitude and the space size of the ripples can reach 10 nm. The chaotic ripples with the same amplitude are observed on the surface of the amorphous alloy Fe70Cr15B15 at a stress ≈ 300 MPa [5] . 2. With increasing time of the action of the stress high waves on the background of the small chaotic ripples are observed on the surface of Ge (111). The height of the wave and its width can reach 100 nm. The waves last from units to tens of minutes occurring repeatedly at a given stress.
3. In the course of time on the surface of Ge (111) the chaotic distribution of the waves becomes steady, each wave having a fractal structure. 4. With the times of the order of an hour and more there appear periodic structures on the surface of the amorphous alloy Fe70Cr15B15 [6] . At a stress ≈ 300 MPa the space period in the direction of the action of the stress is ≈ 1000 nm and the wave height reaches 800 nm [5] . The structural transformations on the surface under the above stresses are reversible. When the stress is relieved, the surface becomes plane again. With a further increase in the stress above a threshold value there happen irreversible changes in the system (cracks, etc.).
The mechanism and conditions of the formation of the above types of pattern on the surface of stressed solids are not clear. Only crack-like structures in the form of grooves and shafts develop following the mechanism of the elastic-diffusion instability. The excitation through the mechanism of thermal fluctuations is also ruled out due to the extremely small probability of the coherent displacement of a great number of atoms. The mechanism of the uphill diffusion seems also problematic, since in this case, one has to explain the change of the sign of the diffusion coefficient (the positive sign by the negative one).
A possible reason for the above situation is the fact that when the conditions of the morphological instability of the surface and its development are determined, two circumstances are not taken into account. First, it is implicitly assumed that using adiabatic approximation it is possible to average over the electron degrees of freedom, and the interatomic interaction parameters do not depend on the stress value and the surface shape. In particular, it is supported by the constancy of the modulus of elasticity and that of the surface energy. Second, only one relaxation mechanism determined by the phonon-phonon interaction is considered.
Strictly speaking, the above approximations are applicable for an isolated system. A solid under stress is a nonequilibrium open system. In the above systems one more relaxation mechanism is possible which is determined by the electron-electron interaction (the redistribution of the electron density during its fluctuations) [7, 8] . This relaxation mechanism has a purely quantum origin. Therefore, there arises a question on the effect of this quantum mechanism of relaxation on the mass transfer.
Model of the pattern formation.
Here we consider a semi-infinite homogeneous isotropic onecomponent sample with a plane surface containing N atoms. No limitations as to the thickness of the surface are imposed. The sample is deformed using either uniaxial or isotropic tension under the applied stress σ, h being the thickness of the sample, L -the length, b -the width and V=hbL -its volume. The dimensions of the sample satisfy the conditions, h>>λ0, L >>λ0 , b>>λ0, λ0 is the characteristic length of the inhomogeneities. In the experiments [4] [5] [6] the characteristic size was ≈ 10-1000 nm. The axis x of the Cartesian coordinate system is directed along the axis of tension. The axis z is perpendicular to the sample plane. The plane surface of the sample is parallel to the planes x, y. The origin of the coordinates lies in the plane z =0. The sample is located in the region z≤0. The dependence = ( , ) describes the unidimensional surface profile at the moment of time t.
Let us denote the functions of the distribution of the nuclei (ions) and the electrons in the sample with a plane surface through 0 ( ), 0 ( ), respectively. The potential (as well as free) energy 0 [ 0 , 0 ] of this system is the universal functional of the electron density [9] . At a constant value of the system potential energy can be calculated, in principle, and so can the potential energy of the sample with the curved surface [ , ] . Here ( ), ( ) are the functions of the distribution of the nuclei and the electrons in the sample with a curved surface, respectively. The functions U and U0 are two sheets of the system potential energy crossing each other along some line at σ≥σd. The transition from one sheet to the other is possible in two ways.
The first way is determined by the thermally activated displacements of the atoms. The atoms overcome the potential barrier under the action of an external force and thermal fluctuations. In the language of quanta it means that the system relaxation is determined by the mechanism of the phonon-phonon interaction. The characteristic feature of the thermally activated displacements is Defect and Diffusion Forum Vol. 391 227 their noncoherence. The elastic-diffusion instability is manifested under the above relaxation mechanism. The second way of the system relaxation is determined by the electron density fluctuations during the electron-electron interaction [7, 8] . The redistribution of the electron density is accompanied by a change in the parameters characterizing the interatomic interaction and, as a consequence, by the dynamic coherent atomic displacements. The term "dynamic" underline the fact that the excitation of the above displacements does not depend on the temperature and is determined only by the value of the acting force. The nonequilibrium states stable with respect to the thermally activated displacements of the atoms can turn out unstable relative to the electron density fluctuations at a value of the applied stress higher than a certain threshold value of σd. In other words, the excitation of the dynamic atomic displacements can change the dynamics and the kinetics of the atoms in a solid with a surface. Three distinctive features of the dynamic displacements should be noted. Firstly, their excitation, practically, does not depend on the temperature and is determined only by the value of the acting force. Secondly, the dynamic displacements are coherent. Thirdly, the transition of the system to the state with a lower potential energy occurs without overcoming the potential barrier.
At σ<σd U0<U, the plane surface is stable relative to the perturbations in the distribution of the nuclei and the electron density. The perturbations ~exp ( − ) with any value of the wave vector k and the frequency ω decay. At σ=σd for the perturbations of the electron density with the frequency ωd and the wave vector kd=2π/λd (λd >>a is the wavelength of the perturbations, a is the interatomic distance) the equality U=U0 takes place. For the perturbations with other wave vectors the energy increases. Then the dynamic instability starts. However, the elastic-diffusion instability does not evolve. At σ>σd U<U0 the system is in the nonequilibrium state. The perturbations of the electron density with the frequencies and the wave vectors close to ωd and kd, respectively, increase while decreasing the system energy. Thus, the dynamic instability develops, which results in the curvature of the surface. At a further increase in the external force there can appear and develop the elastic-diffusion instability. In a general case, kd ≠kс=2π/λc.
There can arise a natural question why during the calculation of the properties of the crystals with a surface using, for instance, the method of the density functional, the dynamic instability was not noticed? The answer is simple. The fact is that the system periodicity is assumed in the calculation of the energy of a system with different distributions of the ions and the electrons, with the space period of the estimated cell chosen small as compared to the possible characteristic size of the in homogeneities λd. The present accuracy of the calculation methods does not allow one to differentiate the states with an energy difference of the order of 10 -8 eV/atom. This is the value of the elastic energy at σ/E≈10 -4 . However, it is impossible to perform calculations with a period of tens and hundreds of nanometers.
A strict statement of the problem on the system dynamics taking into account the electron degrees of freedom at the atomic level assumes using the methods of the nonadiabatic molecular dynamics [10] . However, the characteristic size of the pattern (tens-hundreds of nanometers) and the characteristic time (minutes-tens of minutes) make its solution, practically, impossible. In the methods of the description of the mass transfer at the atomic scales and the diffusion times [11, 12] the excitation of the electron degrees of freedom is not taken into account. In this situation to analyze the space and time structures, let us use the methods developed in the theory of the systems far from the equilibrium state [13] . The displacements of the nuclei in a solid under a stress exceeding the dynamic stability threshold at the moment of time t correspond to
where is the elastic displacements, is the displacements under the atomic vibrations, is the dynamic displacements. At the observation times of the order of a second and more the average value 〈 〉 ≠ 0, 〈 〉 = 0, 〈 〉 ≠ 0. It is natural to expect the elastic atomic displacements to lie in the plane xy. Then the displacements of the atoms in the direction of the axis z are determined only by the dynamic displacements. In the unidimensional case,
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The condition ≠ can be considered, as a signal suggesting the excitation of the dynamic displacements. As is known, any signal can be presented in the form of the superposition n of the harmonic waves with the amplitudes Ai (i is the wave number) and the wave vectors differing by the constant value of ∆ = ( − )/( − ), with
Here 2 − 1 is the width of the interval of the wave vectors. The second inequality denotes the coherence of the atomic displacements. The thermal fluctuations destroy this coherence in the atom vibrations. Therefore, the resulting displacement can be given in the form
where is the numbers of occupation of the state with the number i. Usually [12] , = 1 if the state is occupied, and = 0, if the state is not occupied. It is worth noting that each wave can be considered as a fraton [12] . The space distribution of the displacements determined by the formula (4) is beat. The formula (4) can be given in the form
where
is the amplitude of the beat. In physics this value is referred to as the order parameter [13] . In this case, the order parameter q is determined by the dynamic displacements of the atoms. (4) is determined by the time of the action of the stress * . The longer * the larger . It is convenient first to consider the case when * → ∞. In this case, 〈 〉 takes a steady-state value. Assuming the amplitudes to be the same and equal to A0, one derives from (4)
Types of the forming pattern. The number of the waves in
One can see that a steady-state periodic distribution of the displacements with the wavelength λd ≈2π/ kd is formed. This pattern is observed in germanium under a stress of 360 MPa. Its characteristic features are as follows. At x=0 all the waves are in the phase and form the main maximum with the amplitude 0 taken as the sum. In deviation from this value the phases diverge. The first zero takes place when the following equality if fulfilled
Hence it follows
The space period of beat Δx is determined by the zero values of the amplitude denominator
One can see that the greater the number of the waves summed the larger the space period and the sharper the main maximum.
At small values of * a small number of waves are excited. In general, their wave vectors at each moment of time take random values. In this case, a chaotic distribution of the displacements (Fig. 1) 
Defect and Diffusion Forum Vol. 391 229
with a small amplitude is formed. The above pattern is observed with the times of the order of seconds-minutes in all systems [4] [5] [6] . With increasing time of the action of the stress (and, correspondingly, n) a situation is possible when part of the waves will have close values of the wave vectors. The other waves have arbitrary values of the wave vectors. Then, on the background of the chaotic displacements localized structures in the form of high waves (Fig. 2) will be observed. High waves appear in the places where the phases of the waves kixi turn out close. According to the data [5] , the height of the waves reaches 100 nm and for the steady-state pattern it is 1000 nm. Hence, it is possible to make a conclusion that the waves with the correlated values of the wave vectors constitute, approximately, the tenth part of their total number. Their lifetime is determined by the time of the destruction of the phases by the thermal fluctuations.
With increasing time of the action of the stress all the waves can be divided into subsets in which the phases are correlated. In this case, a chaotic distribution of the high wave takes place. Excitation of the dynamic atomic displacements results in the surface curvature. As a consequence, the chemical potential of the system becomes dependent on the local curvature of the surface [14] . A large curvature is the reason for the development of diffusion instability. It is manifested experimentally in the fact that the system of deep grooves and shafts is formed in the background of the chaotic pattern [6] .
Dynamic displacements and the uphill diffusion of atoms. The procedure of the calculation of the diffusion coefficients in crystal materials close to the equilibrium state using the method of the density functional is well-developed [15] . In the nonequilibrium states of materials the excitation of the dynamic atomic displacements can change not only the value but also the sign of the diffusion coefficient D. The physical reason for this effect can be explained in the following way. Let us consider the kinetic equation of Chan-Hillard for a homogeneous system
where M>0 is the mobility, c is the concentration of the diffusing atoms, = ∫ is the functional of the free energy, V is the system volume, f=f(c,q,σ) is the free energy density. In the system being close to the equilibrium state, q=0, f depends only on c. In the excitation of the dynamic displacements f depends on c and q. Let us present the function ( , , ) in the form of the Ginsburg-Landau expansion
where � ( , ) is the expansion coefficient, the derivatives are taken at the point c=0. The dotted line denotes the terms of the higher orders of the expansion. From (12), (13) it follows that the sign of the diffusion coefficient D is determined by the sign of � . Near the equilibrium state = � ( = Fig.1 . Distribution of the displacement Δ for с0A0= с1A1= с3A3= с4A4= с6A6= с9A9= 0.01, с2A2= с5A5= с7A7= с8A8= с10A10= 0. Fig. 2 . Distribution of the displacemen Δ for с0A0= с1A1= с2A2= с3A3 =20, с4A4=с5A5= с6A6= с7A7= с8A8= с9A9= с10A10=0. 
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, ) > D>0, and the mass transfer follows the mechanism of normal diffusion. In the equilibrium state at � < D <0, and the mass transfer follows the mechanism of uphill diffusion. The dependence � ( , ) can be presented in the form � ( , ) = ( ) + ( ) , (14) where is the expansion coefficient. At α<0 and a sufficiently large value of q, the coefficient � becomes negative.
Summary
The quantum effect on the mass transfer in the surface layer of stressed solids is determined by the following factors. After the threshold value of the applied stress has been reached, a solid with a plane surface becomes unstable with respect to the perturbations increasing the surface area. The relaxation of the nonequilibrium system determined by the electron-electron interaction (the electron density fluctuations) is considered. The redistribution of the electron density is accompanied by a change in the directionality, the length and the strength of the atom-atom bonding, which leads to the dynamic displacements of the atoms. The resulting profile of the surface is determined by the superposition of the harmonic displacements with the close values of the vectors and the random numbers of occupation. The origin of the experimentally observed types of pattern on the surface of the crystalline and amorphous stressed solids has been clarified. The amplitude of the unstable mode of the dynamic displacements is the order parameter determined by the nonadiabatic effect of the electron subsystem on the relaxation of the nonequilibrium system. The dynamic atomic displacements have been shown to affect the mass transfer by changing the morphology of the surface and its state.
